We identified a new regulator, PcaO, which is involved in regulation of the protocatechuate (PCA) branch of the ␤-ketoadipate pathway in Corynebacterium glutamicum. PcaO is an atypical large ATP-binding LuxR family (LAL)-type regulator and does not have a Walker A motif. A mutant of C. glutamicum in which pcaO was disrupted (RES167⌬pcaO) was unable to grow on PCA, and growth on PCA was restored by complementation with pcaO. Both an enzymatic assay of PCA 3,4-dioxygenase activity (encoded by pcaHG) and transcriptional analysis of pcaHG by reverse transcription-PCR revealed that PcaO positively regulated pcaHG. A promoterLacZ transcriptional fusion assay suggested that PcaO interacted with the sequence upstream of pcaHG. Electrophoretic mobility shift assay (EMSA) analysis indicated that an imperfect palindromic sequence ( ؊78 AACCCCTGACCTTCGGGGTT ؊59 ) that was located upstream of the ؊35 region of the pcaHG promoter was essential for PcaO regulation. DNase I footprinting showed that this imperfect palindrome was protected from DNase I digestion. Site-directed mutation and EMSA tests revealed that this palindrome sequence was essential for PcaO binding to the DNA fragment. In vitro EMSA results showed that ATP weakened the binding between PcaO and its target sequence but ADP strengthened this binding, while the effect of protocatechuate on PcaO binding was dependent on the protocatechuate concentration.
Protocatechuic acid (PCA) is an important intermediate during microbial degradation of various aromatic compounds, including natural products such as lignin monomers and chemically synthesized chemicals such as 4-chlorobenzoate. In many bacteria (5, 8, 12, 13, 16, 20, 23, 25, 30, 34) , PCA is degraded via the ␤-ketoadipate pathway (Fig. 1A) , and the ring cleavage dioxygenase (PCA 3,4-dioxygenase) is encoded by two consecutive genes, pcaHG (3) . The pcaHG genes, together with other pca genes involved in PCA degradation, have been extensively investigated in Gram-negative bacteria, such as Pseudomonas putida (12, 23) and Acinetobacter baylyi (10, 28) , and recently have been investigated in Gram-positive bacteria, such as Rhodococcus and Streptomyces species (8, 16) (Fig. 1B) .
Regulation of the PCA branch of the ␤-ketoadipate pathway has been investigated using several Gram-negative bacteria (41) , and information is accumulating. In P. putida, the IclRtype PcaR protein regulates pcaIJBDCF (11, 30) ; however, how pcaHG is regulated is still unknown. In A. baylyi, the IclR-type PcaU protein regulates the pcaIJFBDKCHG operon, and PCA is the effector (10, 28, 40) . In Sinorhizobium meliloti, PcaR regulates pcaIJF, while the LysR-type protein PcaQ regulates pcaDCHGB (20, 21) . In Agrobacterium tumefaciens, PcaQ regulates pcaDCHGB and pcaJIF with ␤-carboxy-cis,cismuconate and ␤-ketoadipate as effectors (25, 26) . Putative regulators have been identified in Gram-positive bacteria, such as Corynebacterium glutamicum and Rhodococcus opacus (2, 8, 34, 35) ; however, the regulation of the PCA branch of the ␤-ketoadipate pathway has not been well documented.
The ability of C. glutamicum to metabolize aromatic compounds has recently been characterized, and this species has been shown to be a good model for studying aromatic compound metabolism (15, (33) (34) (35) . The PCA branch of the ␤-ketoadipate pathway in C. glutamicum is encoded by a genetic element (pca) that contains 10 pca genes (35) and one transporter gene (6) (Fig. 1B) . There are two putative regulator genes in the pca genetic cluster, pcaR and pcaO. According to the CoryneRegNet 4.0 database (1), PcaR is inferred to be the regulator of the whole pathway. But Brinkrolf et al. (2) reviewed all of the possible regulators in the catabolic pathway for aromatic compounds in C. glutamicum, and they concluded that PcaR regulated only part of PCA degradation. Here, we report functional identification of a new regulator, PcaO, and describe its regulation of the PCA branch of the ␤-ketoadipate pathway in C. glutamicum.
MATERIALS AND METHODS
Bacterial strains, plasmids, and cultivation. Bacterial strains and plasmids used in this study are listed in Table 1 . Escherichia coli strains were grown at 37°C in Luria-Bertani (LB) broth or on LB medium plates containing 1.5% (wt/vol) agar. C. glutamicum strains were cultivated routinely in LB broth or brain heart infusion broth supplemented with 50 mM sorbitol (BHIS). To test their abilities to grow on various aromatic compounds, C. glutamicum strains were cultivated in minimal medium (MM) (pH 8.0) (18) . The final concentration of aromatic compounds in MM broth was 2.0 mM. C. glutamicum strains were incubated at 30°C with rotary shaking at 150 rpm. Growth was monitored by measuring the turbidity (optical density at 600 nm [OD 600 ]). Depending on the genetic vectors used, antibiotics were added at the following concentrations: ampicillin, 100 g ml Ϫ1 for E. coli; chloramphenicol, 50 g ml Ϫ1 for E. coli and 10 g ml Ϫ1 for C. glutamicum; kanamycin, 50 g ml Ϫ1 for E. coli and 25 g ml Ϫ1 for C. glutamicum; and nalidixic acid, 50 g ml Ϫ1 for C. glutamicum.
Analysis of sequence data. The genome sequence of C. glutamicum ATCC 13032 (accession no. NC_003450 and NC_006958) was retrieved from the GenBank database (http://www.ncbi.nlm.nih.gov/). Sequence comparisons and database searches were carried out using BLAST programs at the BLAST server of the NCBI website. Phylogenetic analysis of PcaO was done with the MEGA 3.1 software. SBASE was used for protein domain prediction (http://hydra.icgeb.trieste.it/servers/protein /sbase/). DNA extraction and manipulation. Genomic DNA of C. glutamicum was isolated by the method of Tauch et al. (37) . DNA manipulation, plasmid isolation, and agarose gel electrophoresis were routinely carried out using standard methods (31) . Restriction endonucleases, ligase, and DNA polymerase were used according to the manufacturer's instructions. Vectors were electroporated into cells of E. coli and C. glutamicum by using the methods of Tauch et al. (38) . Restricted DNA fragments were separated by agarose gel electrophoresis and were purified by using an agarose gel DNA fragment recovery kit (Tiangen, Beijing, People's Republic of China).
Genetic disruption and complementation in C. glutamicum. The pK18mobsacB derivatives used for gene disruption and the pXMJ19 derivatives used for complementation were constructed in this study (Table 1 ) and were transformed into C. glutamicum cells by electroporation (32, 38) . Screening for the first and second recombination events and analyses to confirm the chromosomal deletions were performed as described by Schäfer et al. (32) . Expression of a target gene in pXMJ19 derivatives in C. glutamicum was induced by addition of 0.6 mM isopropyl-␤-D-thiogalactopyranoside (IPTG) to the culture broth.
Enzymatic assay. PCA 3,4-dioxygenase activity was measured as described by Iwagami et al. (16) . The absorbance at 290 nm and 25°C was recorded with a spectrophotometer, and the results were used to calculate PCA 3,4-dioxygenase activity.
RT-PCR. Total RNA from C. glutamicum cells was isolated with a TRIzol extraction kit (Invitrogen, Carlsbad, CA). The RNA preparation first was treated with DNase I and then was used as a template for reverse transcription with Moloney murine leukemia virus (MMLV) reverse transcriptase (Promega, Madison, WI). The reverse transcription products (cDNAs) were used to amplify fragments (approximately 350 to 500 bp) of target genes. The primers used in RT-PCR are listed in Table 1 . In order to exclude the possibility of DNA contamination, negative controls were run in parallel (i.e., the MMLV reverse transcriptase was omitted from the reaction mixtures). The rpoB gene (encoding the ␤-subunit of RNA polymerase) was used as a positive control to check the reaction system. Construction of plasmid pXMJ19-PpcaHG-lacZ. Plasmid pXMJ19-lacZ was constructed by replacing lacI and Ptac with a lacZ fragment at the NarI and PstI sites of plasmid pXMJ19 (17) . Plasmid pXMJ19-PpcaHG-lacZ carrying the promoter region of pcaHG (PpcaHG) was constructed by ligating the amplified PpcaHG DNA fragment from the C. glutamicum genome to pXMJ19-lacZ.
Assay of ␤-galactosidase activity. The activity of the pcaHG promoter in pXMJ19-PpcaHG-lacZ was monitored by assaying ␤-galactosidase activity. C. glutamicum was grown in LB medium and in minimal salts medium. The RES167⌬pcaO mutant was first grown in LB broth until the mid-log phase, and then cells were harvested and were transferred to mineral medium that contained 2 mM PCA for induction (2 h) of ␤-galactosidase activity. The ␤-galactosidase activity was determined using the Miller assay (22) .
Heterologous expression and purification of PcaO from recombinant E. coli cells. Plasmid pET28a-PcaO was electroporated into E. coli BL21(DE3). Synthesis of PcaO proteins was initiated by addition of 0.1 mM IPTG, and cultivation was continued for an additional 10 h at 16°C. Cells were harvested by centrifugation at 10,000 ϫ g, washed twice with ice-cold 50 mM Tris-HCl buffer (pH 8.0), resuspended in the same buffer, and disrupted by sonication in an ice-water bath. After centrifugation at 20,000 ϫ g for 30 min at 4°C, the supernatant was used for sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) analysis. A His-bind purification kit was used to purify the His-tagged PcaO proteins.
Primer extension. Primer 2315PE (Table 1) incubated at 45°C for 60 min and then at 65°C for 10 min to inactivate the transcriptase. The reaction mixture was treated with phenol, and the contents were precipitated with ethanol and resuspended in loading buffer. The dissolved DNA fragments were separated on a 6% polyacrylamide gel containing 42% urea. DNA sequencing reaction mixtures were prepared using the same 32 Plabeled primers and a silver stain sequencing kit (Promega, Madison, WI).
DNase I footprinting. The DNA segment containing the promoter of pcaHG was amplified from genomic DNA with 5Ј-32 P-labeled primer 1516F and unlabeled primer 2315PE. The 32 P-labeled DNA fragment (ϳ0.1 nM) was mixed with purified PcaO (10 pM) in 50 l (total volume) of binding buffer (10 mM Tris, 50 mM KCl, 1 mM dithiothreitol; pH 7.5), and the mixture was incubated for 30 min at 25°C. Then 10 mU DNase I was added, and the mixture was incubated for 3 min at 25°C. After this, 50 l of DNase I stop buffer was added to the reaction mixture. The reaction mixture was quickly treated with phenol, and the contents were precipitated with ethanol at Ϫ70°C overnight. The precipitates were resuspended in loading buffer. Separation of DNA fragments on a 6% polyacrylamide gel containing 42% urea and DNA sequencing were performed with a silver stain sequencing kit (Promega, Madison, WI).
Electrophoretic mobility shift assay (EMSA). The trations, 0 to 0.5 M) were mixed in 20 l binding buffer and were incubated for 15 min at room temperature. The effectors were used at concentrations ranging from 0.5 to 2.0 mM. The binding buffer contained 10 mM Tris-HCl (pH 7.5), 50 mM KCl, 1 mM dithiothreitol, 1 g poly(dI-dC), and 5% glycerol. The binding mixture was loaded onto a native gel (5% polyacrylamide), and 0.5ϫ Tris-borate-EDTA buffer was used as the running buffer. After electrophoresis the gels were dried and subjected to autoradiography.
RESULTS
pcaO is required for PCA assimilation in strain RES167 and encodes a putative novel LAL-type regulator. Two genes encoding putative transcriptional regulators were located in the pca gene cluster (Fig. 1B) . Transcriptional analysis indicated that PcaR negatively regulated pcaIJ and pcaFDO but did not regulate pcaHGBC (2) . In order to identify the function of pcaO, this gene was disrupted by deletion of the DNA fragment encoding amino acids 106 to 421, and the RES167⌬pcaO mutant was obtained (Table 1 ). The RES167⌬pcaO mutant was not able to grow on PCA (Fig. 2) , 4-hydroxybenzoate, and vanillate, which were assimilated via the PCA branch of the ␤-ketoadipate pathway (34, 35) . Growth of the RES167⌬pcaO mutant on benzoate and resorcinol as carbon and energy sources was not affected (data not shown). When RES167⌬pcaO was complemented with pXMJ19-PcaO, the ability to grow on protocatechuate was restored ( Fig. 2) . Based on these results, it was concluded that PcaO was essential for PCA degradation and the PCA branch of the ␤-ketoadipate pathway.
Nucleotide sequence analysis of pcaO predicted that this gene encodes a protein consisting of 687 amino acid residues. Based on sequence analysis, PcaO was structurally similar to MalT, a member of the large ATP-binding LuxR (LAL) subfamily of bacterial regulators that has Walker A and Walker B motifs for ATP binding, as well as a LuxR helix-turn-helix (HTH) DNA-binding domain (7, 19, 39) . A putative HTH DNA-binding domain was identified at the C terminus of PcaO (amino acid residues 631 to 685), and a putative walker B motif was identified at the N terminus (amino acid residues 65 to 78). These features suggested that PcaO may be a member of the LAL subfamily. However, PcaO is short (687 amino acids), and no obvious Walker A motif was identified (data not shown) in comparisons with the previously identified LAL regulators (7, 19) .
Molecular phylogenetic analysis showed that PcaO grouped with the functionally identified LAL-type regulators (data not shown). The highest level of identity found was the level of identity between PcaO and a putative regulator of benzoate degradation (BenR, NCgl2324) of C. glutamicum (28% identity) (14, 15, 35) . The levels of identity between PcaO and other LAL regulators, including LipR of Streptomyces coelicolor (42) , LipR of Streptomyces exfoliatus (9) , PikD of Streptomycoes venezuelae (47) , AcoK of Klebsiella pneumoniae (27) , AlkS of Pseudomonas oleovorans (48) , and MalT of E. coli (29) , were less than 20%. We concluded that this PcaO was a novel and atypical LAL-type regulator.
PcaO regulatation of pcaHG transcription and determination of the promoter region. Previous work demonstrated that pcaHG encodes PCA 3,4-dioxygenase. This enzyme is essential for vanillate, 4-hydroxybenzoate, and protocatechuate assimilation (34, 35) . Previous work also demonstrated that the activity of PCA 3,4-dioxygenase was inducible in C. glutamicum RES167 upon addition of PCA (34, 35) . In this study, we found that PCA 3,4-dioxygenase activity was not detectable even in the presence of PCA in culture medium of the RES167⌬pcaO mutant (data not shown). Further, an RT-PCR analysis of pcaHG showed that pcaHG was transcribed in RES167 but not in RES167⌬pcaO (data not shown). Thus, we concluded that PcaO regulated pcaHG at the transcriptional level.
The transcriptional start site (TSS) of pcaHG was determined to be the 59th base (C) upstream of the translational start codon (ATG) (Fig. 3A) . The pcaHG promoter (PpcaHG) was located between pcaHG and ncgl2316 (Fig. 3B) . Thus, the sequence from base Ϫ212 to base 72 was amplified by PCR performed with primers Pro15F and Pro15R (Table 1 ). The PCR product was ligated to pXMJ19-lacZ, and fusion plasmid pXMJ19-PpcaHG-lacZ was obtained. The pcaHG promoter activity was evaluated by determining the ␤-galactosidase activity in cells of RES167 and RES167⌬pcaO. The results clearly indicated that the ␤-galactosidase activity relied on the presence of PcaO. In all of the experiments with RES167 ␤-galactosidase activity was apparent, but there was not significant ␤-galactosidase activity in RES167⌬pcaO (Fig. 4) . Based on these results, we concluded that PcaO regulated the ␤-galactosidase activity in the pcaHG promoter-lacZ transcriptional fusion, and we also deduced that PcaO interacted with the promoter region of pcaHG.
Determination of the PcaO binding region and sequence. Analysis of the intergenic region (ITS) between pcaHG and ncgl2316 (bases Ϫ212 to 72, a total of 284 bases) revealed 4 palindromic sequences in the region between bases Ϫ95 and 59 (154 bases) (Fig. 3B) . The importance of palindromic sequences for regulator binding was established previously for various regulators (36, 44, 46) . Thus, we deduced that the 4 palindromic sequences might be involved in PcaO binding to a DNA fragment. Four DNA fragments (fragments F1 to F4) that carried one or more of these palindromes were tested to determine their binding to PcaO. The results indicated that only fragment F4 (bases Ϫ95 to 59, including all four palindromes) bound to PcaO, and binding between PcaO and fragments F1, F2, and F3, which carried the Rep1, Rep1 and Rep2, and Rep1, Rep2, and Rep3 palindromes, respectively, was not observed (Fig. 5A) . This indicated that the Rep1, Rep2, and Rep3 palindromes were not involved in binding to PcaO. Further, DNA fragment F5 (bases Ϫ95 to Ϫ49), which contained only the fourth palindromic sequence (Rep4), bound to PcaO   FIG. 2 . Growth of C. glutamicum strains in mineral salts medium with 2 mM protocatechuate as the sole carbon and energy source. f, RES167; F, RES167⌬pcaO; OE, RES167⌬pcaO/pXMJ19-PcaO. (Fig. 5A) . DNase I footprinting suggested that the region from base Ϫ86 to base Ϫ25 with respect to the transcription start site of pcaH was protected (Fig. 5B) . By combining the EMSA and DNase I footprinting results, the PcaO binding area was identified as the region from base Ϫ86 to base Ϫ49 that carried the fourth palindromic sequence (Rep4).
To further characterize the Rep4 palindromic sequence and to determine if it is essential for PcaO binding, site mutations in this sequence were made. When AACCCC was replaced by CCAAAA or when GGGGTT was replaced by TTTTGG, there was no binding to PcaO. We also observed that when AACCCC and GGGGTT were simultaneously replaced by CCAAAA and TTTTGG (thus creating a new palindromic sequence), the binding affinity was partially restored (Fig. 5C ).
PCA and ATP/ADP concentrations affect PcaO binding. Since PCA induced PcaHG activity (34) and PcaO regulated the key step in aromatic cleavage during PCA degradation at the pcaHG transcriptional level (this study), PCA was tested as a potential effector to determine its influence on the binding of PcaO to its target sequence ( Ϫ46 AACCCCTGACCTTCGG GGTT Ϫ59 ). As shown in Fig. 6A , the binding affinity was different at different PCA concentrations. As a positive regulator, PcaO bound to its target sequence in the absence of PCA. PCA enhanced PcaO binding to its target sequence at high PCA concentrations (1.0 and 2.0 mM) but reduced the binding at lower concentrations (0.2 and 0.5 mM).
Due to identification of a putative ATP-binding domain (Walker B) (45) in the PcaO molecule, we tested ATP and its derivatives (ADP and AMP) as potential effectors. The results showed that the binding affinity of PcaO for its target sequence decreased as the ATP concentration increased from 0.5 to 2.0 mM (Fig. 6B) . In contrast, ADP (0.5 to 2 mM) enhanced the binding affinity of PcaO for its target sequence (Fig. 6C) . AMP had no observable effect on the binding affinity of PcaO for its target sequence (Fig. 6D) .
DISCUSSION
In this study, we identified a novel transcriptional regulator, PcaO, which is involved in the regulation of the PCA branch of the ␤-ketoadipate pathway in C. glutamicum. According to amino acid sequence analysis, PcaO is phylogenetically related to members of the previously proposed LAL subfamily of bac- terial regulators (7) . PcaO has unique features. It is a positive regulatory protein that responds to PCA, ATP, and ADP, and it is an atypical LAL subfamily member that does not have the Walker A domain. To our knowledge, this is the first study that identified such a regulator involved in the regulation of the PCA branch of the ␤-ketoadipate pathway. PcaO also is the first LAL-type positive-regulation protein identified in C. glutamicum. PcaO is the first LAL-type regulator involved in catabolism of aromatic compounds, although the involvement of LALtype regulators in regulation of different metabolic activities has been intensively characterized. The MalT protein in E. coli regulates catabolism of maltose (24, 29) , the AlkS protein in P. oleovorans regulates degradation of medium-chain-length alkanes (43, 48) , the LipR proteins in S. exfoliatus and S. coelicolor regulate transcription of lipase (9, 42) , the AcoK protein in K. pneumoniae regulates acetoin degradation (27) , and the PikD protein in S. venezuelae regulates pikromycin synthesis (47) . It has been proposed that LAL-type regulators are involved in regulation of diverse types of metabolism in both Gram-negative and Gram-positive bacteria, but their regulatory mechanisms might be different. In C. glutamicum, ATP reduced the ability of PcaO to bind to its target sequence, but ATP activated mal genes in E. coli (24, 29) .
The ␤-ketoadipate pathway occurs in a wide range of organisms, and the pca genes involved in this pathway are tightly regulated in many bacteria (4, 10, 11, 20, 21, 25, 26, 28, 30, 40, 41) . This study clearly demonstrated that in C. glutamicum PcaO positively regulated the PCA branch of the ␤-ketoadipate pathway and that PcaO responded to the effectors of PCA, ATP, and ADP. Interestingly, PCA reduced the binding between PcaO and its target sequence at low concentrations (0.2 and 0.5 mM), while it increased the binding at higher concentrations (1.0 and 2.0 mM). A tentative hypothesis to explain this observation is that in C. glutamicum cells the transcription of genes involved in PCA assimilation gradually slows down as the PCA concentration in the environment decreases. Another new observation is that ADP increased, but ATP reduced, the binding of PcaO to its targeted DNA sequence. Under physiological conditions and in the presence of PCA, it is probable that the ratio of ATP to ADP in cells controls the transcription of pcaHG in C. glutamicum. Previous work demonstrated that in C. glutamicum PcaR repressed all of the pca genes except pcaHGBC (2) . We demonstrated that PcaO regulates pcaHG. Because some of the pca genes, such as pcaIJ and pcaFD, are also involved in the resorcinol and catechol degradation pathway (15, 35) , the PcaR-PcaO regulatory system in C. glutamicum allows precise control of degradation of aromatic compounds.
